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Assessment of cell membrane integrity is one of the most widely used methods to measure post-
cryopreservation viability of cells such as human umbilical vein endothelial cells (HUVECs). However,
an evaluation of cell function provides a better measure of cell quality following cryopreservation. The
tube formation assay mimics angiogenesis in vitro and can be used to quantitate the ability of endothelial
cells to form capillary-like tubular structures when cultured on reconstituted basement membrane
(Matrigel). We compared the membrane integrity (measured by ﬂow cytometry) and tube forming ability
of HUVEC suspensions exposed to 10% dimethyl sulfoxide (Me2SO), cooled at 1 C/min to various sub-
zero temperatures, plunged directly into liquid nitrogen, stored for an hour, and thawed rapidly. We
found that as membrane integrity increased so did the various parameters associated with the extent of
in vitro angiogenesis; however, in comparison to fresh cells with a similar percentage of membrane-
intact cells, the extent of tube formation, expressed as total tube length, is signiﬁcantly lower in previ-
ously frozen cells for the lower range of post-thaw membrane integrities. Our ﬁndings underscore the
value of an assay that quantiﬁes a speciﬁc function that a cell is known to perform in vivo to measure the
success of cryopreservation protocols.
© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Effective cryopreservation procedures are necessary for the
delivery of functional cells for cellular therapy, tissue engineering,
regenerative medicine, and research applications. For example, the
use of cryopreserved endothelial cells in vascular grafts or synthetic
scaffolds represents an attractive approach to address the limited
availability of bypass material in cardiovascular surgery [12] or to
improve blood supply in tissue constructs for transplant [9]. The
efﬁcacy of such allografts often relies on the number of functional
cells transplanted; however, because of the various stresses
encountered by the cells during the freeze-thaw process, cell
damage is inevitable. Viability assays are commonly used to mea-
sure the success of cryopreservation procedures. Some character-
istics that are used to assess post-thaw cell viability includemotilityand Materials Engineering,
ty of Alberta, 9211-116 Street
liott).
Inc. This is an open access article uand DNA integrity [11], and ability to survive and proliferate in
culture [20], perform speciﬁc mechanical and metabolic functions
[20,21], undergo morphological changes [20], and maintain mem-
brane integrity [20,21]. Because the plasma membrane has been
believed to be one of the major sites of cryoinjury [29,31], mem-
brane integrity assays are designed based on the assumption that
non-viable cells have damaged plasma membranes that allow
molecules, which are normally excluded by live cells with intact
membranes, to enter the cell.
Colored cytoplasmic stains such as trypan blue are commonly
used in dye exclusion-based viability assays [20], but several ﬂuo-
rometric nuclear binding dyes have been shown to be better in-
dicators of membrane integrity including ﬂuorescein diacetate [22],
acridine orange and propidium iodide (PI) [3], and SYTO®13 and
ethidium bromide [1,24,25]. In addition, ﬂuorescent microscopy
and ﬂow cytometry allow the simultaneous enumeration of live
and dead cells by using a combination of permeant and non-
permeant ﬂuorescent stains. For example, SYTO 13, which perme-
ates the cell membranes of all cells and complexes with both RNA
and DNA, emits a green ﬂuorescence when excited by ultravioletnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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penetrates only cells with damaged membranes and emits a red
ﬂuorescence. PI has a higher afﬁnity for nucleic acids than SYTO 13;
therefore, it can competitively displace SYTO 13 in membrane-
damaged cells [34]. Cells with partially damaged membranes
appear as doubly-stained (green and red) events because even
though they can take in a small amount of PI, the PI does not
completely exclude the SYTO 13 from binding with the nucleic
acids in the cells. Membrane integrity assays have been employed
to assess the cell viability after freeze-thaw of TF-1 cells by ﬂuo-
rescent microscopy [27] and of human umbilical vein endothelial
cells (HUVECs) using ﬂow cytometry [25].
Viability measurements using different cell characteristics do
not always correlate with each other. For example, the assessment
of membrane integrity by exclusion of trypan blue or 7-amino-
actinomycin D by hematopoietic progenitor cells was shown to
overestimate the functional ability of these cells to form colonies
[10,16]. Moreover, in a study using PI to measure membrane
integrity of islets of Langerhans, it was shown that a high per-
centage of islets with intact membranes does not directly correlate
with functional islets; furthermore, a review of the literature on the
application of various stains to evaluate the viability of islets for
transplantation indicated that interpretations extending mem-
brane integrity to islet function are inaccurate [4]. These ﬁndings
indicate that functional assays are warranted in order to validate
the appropriate biological performance of recovered cells especially
after cryopreservation.
Exposing cells in suspension to sub-zero temperatures can
impose two major types of injury to the cells depending on the rate
of cooling [17]. First, cells can undergo slow-cooling injury due to
their extended exposure to increased solute concentration as ice
forms outside the cells and removes extracellular water. Second,
rapid-cooling injury can result when the unfrozen solution inside
the cells becomes increasingly super-cooled resulting in intracel-
lular ice formation. Graded freezing (slow linear cooling to a range
of intermediate sub-zero temperatures from which cell suspen-
sions are either thawed directly or plunged into liquid nitrogen and
then thawed) is a protocol that has been employed to detect where
during the cooling process damage to cells occurs. Using graded
freezing, cryoinjury during the initial slow cooling to the inter-
mediate temperatures can be distinguished from the damage
incurred during rapid cooling upon plunging into liquid nitrogen
from the intermediate temperatures [27]. Graded freezing has also
been used to investigate how different cryoprotectants guard
against cooling injury [18]. Dimethyl sulfoxide (Me2SO), which
protects against slow cooling injury by reducing extracellular ice
formation, preventing excessive concentration of solutes and
minimizing cell dehydration to a tolerable degree [15], is typically
used in freezing media at 10% concentration.
In this work HUVECs were subjected to graded freezing at 1 C/
min in the presence of 10% Me2SO, and the post-thaw membrane
integrity wasmeasured by ﬂowcytometric analysis of the cells after
staining with SYTO 13 and PI. HUVECs are commonly used as a cell
model system for the study of various physiological and patho-
logical processes involving endothelial cells. The HUVECs used in
this work were purchased from Lonza as cryopreserved cells in 10%
Me2SO [14].
Angiogenesis, the formation of new blood vessels from pre-
existing vessels, is an integral part of both normal and patholog-
ical processes that is mediated primarily by endothelial cells. In
order for angiogenesis to occur in vivo, endothelial cells must ﬁrst
degrade the surrounding basement membrane and migrate
through the degraded matrix toward an angiogenic stimulus.
Following this migrating front are proliferating endothelial cells,
which are stimulated by a variety of growth factors, that organize toform tubular polygonal networks of blood vessels [2,13]. One of the
most well-established assays that recapitulates the formation of
these three-dimensional vessels is known as the tube formation
assay. Endothelial cells of all origins appear to form tubules in vitro
given enough time and the appropriate extracellular matrix com-
ponents and growth factors [2]. The discovery of Matrigel, a
reconstituted basement membrane preparation extracted from the
Engelbreth-Holm-Swarm mouse sarcoma, a tumor rich in extra-
cellular matrix proteins (e.g., laminin, collagen IV, entactin, heparin
sulfate proteoglycan), growth factors (transforming growth factor-
b, epidermal growth factor, insulin-like growth factor, ﬁbroblast
growth factor), tissue plasminogen activator and matrix metal-
loproteinases, has allowed the assessment of tube formation in vitro
by phase-contrast microscopy [7]. Furthermore, the development
of image acquisition software enabled the quantitation of tube
formation by calculating the number and length of tubes, segments,
nodes/branching points and loops/meshes [6]. The density of
functional cells seeded ontoMatrigel is critical for this angiogenesis
assaydtoo few cells will result in incomplete tubes while too many
cells will yield large areas of cell clusters or monolayers. Here, we
assessed the extent of tube formation in HUVECs subjected to
graded freezing to various sub-zero temperatures and compared it
with the percentage of membrane-intact cells as evaluated by ﬂow
cytometry.
2. Materials and methods
2.1. Cell cultures
HUVECs (C2519A, Lonza Group Ltd., Walkersville, MD, USA)
were purchased as pooled primary cells frozen at passage 1 in a
cryopreservation medium containing endothelial growth medium
(EGM) with 10% fetal bovine serum (FBS) and 10% Me2SO. The cells
were cultured at 37 C and 5% CO2 in EGM consisting of endothelial
basal media (EBM) supplemented with a bullet kit (LONZA®, CC-
3162) containing human recombinant ﬁbroblast growth factor B,
epidermal growth factor, vascular endothelial growth factor, insulin
growth factor, hydrocortisone, ascorbic acid, heparin and FBS, and
in the absence of antibiotics. Cells were harvested when they
reached 80% coverage by treatment with trypsin-EDTA (Lonza, CC-
5012) for 2e3 min at room temperature followed by addition of
trypsin neutralizing solution (Lonza, CC-5002). Cell suspensions
were centrifuged at 1000 rpm for 5 min in an Eppendorf 5810R
tabletop centrifuge (Eppendorf AG, Hamburg, Germany), resus-
pended in EGM and counted using a Coulter® Z2™ particle count
and size analyzer (Beckman Coulter, Mississauga, ON, Canada). The
cell suspension was kept on ice until use.
2.2. Graded freezing in the presence 10% Me2SO
Me2SO solution was prepared in EGM and added to the HUVEC
suspensions to a ﬁnal concentration of 10% (w/w), and maintained
on ice for 15 min to allow the cryoprotectant to permeate the cells.
Aliquots (0.2 mL) of cell suspensions were transferred to 6 50mm
borosilicate glass test tubes (VWR, Edmonton, AB, Canada) and
allowed to equilibrate for 2 min in a stirred methanol bath (FTS
Systems Inc., Stone Ridge, NY, USA) pre-set at 5 C. Ice nucleation
was induced using forceps cooled in liquid nitrogen and the sam-
ples held at that temperature for 3 min to release the latent heat of
fusion. The bath was then cooled at 1 C/min to intermediate sub-
zero temperatures (ranging from 10 C to 40 C), with the
temperature monitored using a T-type thermocouple and OMB-
DAQ-55 data acquisition module and Personal Daq View software
(OMEGA Engineering Inc., Stamford, CT, USA). At each experimental
temperature, one set of duplicate samples was thawed directly in a
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plunged into liquid nitrogen (plunge-thaw samples). The plunged
samples were kept in liquid nitrogen (196 C) for at least an hour
before rapid thawing in a 37 C water bath at a rate of approxi-
mately 350 C/min [18]. After thawing, cells were immediately
stained for membrane integrity assessment, or prepared for tube
formation assessment as described below. Each graded freezing
experiment was repeated in triplicate using HUVECs from passage
2 to 6.2.3. Membrane integrity assessment by ﬂow cytometry
A dual ﬂuorescent stain (SYTO/PI) employing a combination of
SYTO 13 (Molecular Probes, Eugene, OR, USA) and PI (Life Tech-
nologies, Burlington, ON, Canada) was used to assess the mem-
brane integrity of HUVECs. The SYTO/PI was prepared fresh from
stock solutions of SYTO 13 (5mM) and PI (1.5 mM) on the day of the
experiment. A 20 mL aliquot was added to 400 mL of HUVECs in
suspension, mixed and incubated in the dark for 10 min at room
temperature. The ﬁnal dye concentrations in the cell suspension
were 11.4 mM SYTO 13 and 67.8 mM PI. An Epics XL-MCL ﬂow cy-
tometer (Beckman Coulter Inc., Pasadena, CA, USA) was used to
acquire data to build a scatter plot, where each event shows as a dot
on a plot of PI ﬂuorescence (red) versus SYTO 13 ﬂuorescence
(green), divided into quadrants based on ﬂuorescence magnitudes
[25,30]. Events detected in the SYTO-positive quadrant (mem-
brane-intact cells), events detected in the PI-positive quadrant
(membrane-damaged cells), and events detected in the double-
stained quadrant (cells with partially damaged membranes) were
analyzed using the Kaluza Analysis software (version 1.3) from
Beckman-Coulter. The percentage membrane integrity was calcu-
lated from the ratio of the number of membrane-intact cells
(counted from the SYTO quadrant) to the total number of cells
(counted from the SYTO, PI and double-stained quadrants). Further
details on the selection of the speciﬁc ﬂow cytometer settings are
described in a thesis [30].2.4. Tube formation assay
Matrigel basement membrane matrix (Corning, Bedford, MA,
USA) was thawed from 20 C by leaving it overnight at 4 C and
keeping it on ice until use. A 289 mL aliquot was dispensed into each
well of a chilled 24-well culture plate using pre-cooled pipette tips.
The plate was incubated at 37 C for 30e60 min to allow the
Matrigel to solidify. In the meantime, HUVEC suspensions were
prepared using samples that had undergone graded freezing to
experimental sub-zero temperatures and plunging into liquid ni-
trogen. After an hour, the cells were rapidly thawed in a 37 Cwater
bath and the cryoprotectants in the samples were removed by se-
rial dilution using phosphate-buffered saline with 2% FBS [32] fol-
lowed by centrifugation and aspiration of the supernatant. The cell
pellets were resuspended in EGM, and 300 mL of the cell suspension
(containing approximately 1.2  105 HUVECs) were added to each
well containing Matrigel. Control samples include cells without
cryoprotectant plunged directly into liquid nitrogen (dead) or left
on ice (live). Various dilutions of non-cryopreserved cells were also
plated to mimic cell suspensions containing different numbers of
viable (membrane-intact) cells. The plate was incubated for
16e18 h at 37 C and 5% CO2. Tube formation was observed at 40
magniﬁcation using a Labovert phase-contrast microscope (Leitz,
Los Angeles, CA, USA) and images were captured with an attached
Diractor camera (Pixera, Santa Clara, CA, USA).2.5. Quantiﬁcation of the extent of tube formation
The intrinsic ability of endothelial cells to organize into vascular-
like tubular structures when cultured in a reconstituted basement
membrane matrix (Matrigel) was evaluated using an image-
analysis software. The Angiogenesis Analyzer plugin developed
by Carpentier [5] was implemented into ImageJ from the National
Institutes of Health; the Angiogenesis Analyzer plugin and ImageJ
are free downloadable data processing programs. ImageJ can
display, edit and analyze JPEG formats, and performs image pro-
cessing functions. With the Angiogenesis Analyzer plugin ImageJ is
able to quantify the morphological features of the capillary-like
network formed by endothelial cells plated on Matrigel including
the area covered by the cells, the total length of the network, the
number of closed loops or meshes, the number of branching points
(nodes), the branching interval, the number of extremities, the
length of single branches (segments) and the number of isolated
elements. Area and pixel value statistics of user-deﬁned selections
are then calculated. The software provides customized overlays of
the pre-selected parameters in different colors and records indi-
vidual results of these parameters in a table as an Excel ﬁle which
can be statistically analyzed. The software has been shown to
accurately detect nodes, tubes and meshes in mouse 3B-11 endo-
thelial cells plated on Matrigel [6], and has also been used in the
measurement of tube length of human umbilical cord mesen-
chymal stem cell exosomes on Matrigel [33]. For our particular
application, the programwas set to showmeshes, branches, nodes,
junctions, segments and master segments and to suppress isolated
elements and remove small master segments. Three iterations were
performed with minimum object size set at 50 pixels, minimum
branch size at 25 pixels, artifactual loop size at 1000 pixels, isolated
element threshold at 100 pixels and master segment threshold at
30 pixels. The parameters evaluated were number of nodes, junc-
tions, meshes and segments, total mesh area, total segment length
and total tube length. Each tube formation assay was performed as
three independent experiments using at least two Matrigel wells
per condition, and ﬁve or more phase-contrast images were ac-
quired per well. The mean tube length and standard error of the
mean (SEM) were calculated.
2.6. Statistical analysis
The Student’s t-test was used to calculate 2-tailed p-values.
Values less than 0.05 were deemed to correspond to differences
between means of two independent experiments that are statisti-
cally signiﬁcant.
3. Results and discussion
Fig. 1A and C are representative dot plots showing the locations
of SYTO-13-positive membrane-intact cells (“Syto”, green dots,
lower right quadrant), PI-positive membrane-damaged cells (“PI”,
red dots, upper left quadrant), doubly-stained cells with partially
damaged membranes (“Dbl”, blue dots, upper right quadrant), and
background light scatter events (“Bkgd”, grey dots, lower left
quadrant). Fig. 1A depicts HUVECs which have been plunged
directly into liquid nitrogen, thereby damaging their cell mem-
branes. These cells serve as negative control and appear predomi-
nantly as events in the upper left (PI-positive) quadrant. The
calculated percentage membrane integrity is almost zero
(0.15± 0.08%). In order to conﬁrm the absence of viable cells, these
cells were seeded onto Matrigel. We found that the cells remained
dispersed and did not form any tubular structures (Fig. 1B). On the
other hand, Fig. 1C depicts HUVECS that were kept on ice after they
were harvested from culture. These positive-control cells are
Fig. 1. HUVECs plunged directly into liquid nitrogen (dead cells) were analyzed by ﬂow cytometry for membrane integrity (A) and seeded onto Matrigel to assess tube formation (B).
HUVECs freshly harvested from cultures and kept on ice (live cells) were analyzed by ﬂow cytometry for membrane integrity (C), and seeded onto Matrigel. Tube formation was
analyzed using NIH ImageJ software with Angiogenesis Analyzer plugin to quantitate branches (green), loops/meshes (blue), and segments (magenta) (D).
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SYTO 13 ﬂuorescence. By counting all the cells in the lower right
quadrant as membrane-intact (SYTO 13-positive) and all those in
the upper quadrants as membrane-damaged the calculated mem-
brane integrity is 91.5 ± 1.8% (mean ± SEM, n¼ 6). When these cells
were seeded ontoMatrigel, they assembled themselves into tubular
networks that were visible by phase-contrast microscopy (Fig. 1D)
and quantiﬁable using NIH ImageJ software with the Angiogenesis
Analyzer plugin [5].
It has been shown for mouse 3B-11 endothelial cells that cell
density determines the extent of tube formation, such that the
network of tubes increases as more cells are seeded [6]. In order to
examine the correlation between the number of functional HUVECs
and the extent of tube formation, several dilutions of fresh HUVECs
were prepared and plated on Matrigel. Fig. 2 shows that the
numbers of nodes, junctions, meshes and segments, and the total
segment length, total mesh area, and total tube length increase
with the number of viable cells seeded. Phase-contrast images
show little tube formation at the lowest cell density plated (dilution
factor: 0.15) whereas the undiluted sample (dilution factor: 1.0)
shows full networks of tubes and large areas of cell clumps and
monolayers. Such quantiﬁcation using the ImageJ software reveals
that the degree of in vitro angiogenesis in terms of the different
variables analyzed has the same pattern over the dilutions tested.We opted to report the extent of tube formation using only total
tube length as done by others [33]. There is clearly a correlation
between total tube length and the number of functional endothelial
cells in this work (R2 ¼ 0.97). We obtained an average total tube
length of 10,495 ± 450 pixels (mean ± SEM, n¼ 8 wells, 60 images)
for fresh (non-cryopreserved) cells plated at a seeding density of
60,000/cm2.
We then employed a graded freezing protocol to investigate the
pattern of membrane integrity of HUVECs plunged into liquid ni-
trogen fromvarious intermediate temperatures throughout a linear
slow-cooling procedure. Cell suspensions were exposed to 10%
Me2SO and cooled at a rate of 1 C/min, which is typically the
cryopreservation procedure for these cells [14]. Samples were
cooled to temperatures ranging from 10 C to 40 C. At each
experimental temperature, two sets of samples were removed; one
was thawed directly (in a 37 C water bath) and the other plunged
into liquid nitrogen before thawing. When cells in suspension are
cooled slowly to sub-zero temperatures, they become increasingly
dehydrated due to prolonged exposure to higher solute concen-
trations as the extracellular water freezes. On the other hand,
cooling cells rapidly increases the likelihood of intracellular
freezing because there is insufﬁcient time for the intracellular
water to leave the cell in response to the change in osmolality [17].
Directly thawing from the experimental temperatures reveals
Fig. 2. The effect of cell number on the extent of tube formation in Matrigel. HUVECs were seeded in wells at an initial concentration of 1.2  105 per 300 mL of EGM (dilution factor:
1), and in several-fold dilutions (dilution factors: 0.8, 0.6, 0.45 and 0.15), and images taken by phase-contrast microscopy. The number of nodes, junctions, meshes and segments,
and the total mesh area, total segment length and total tube length were obtained using NIH ImageJ software with Angiogenesis Analyzer plugin. The data is representative of three
independent experiments. The data points show the mean, and the error bars show the SEM of at least 10 images from two Matrigel wells in one independent experiment. Linear
regression analysis was used to show the correlation between total tube length and the dilution factor.
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in the extracellular solution is converted to ice during slow cooling;
on the other hand, cell injury after rapid cooling (by plunging into
liquid nitrogen) and then thawing is associated with the formation
of intracellular ice [27,28]. The addition of a permeating cryopro-
tectant such as Me2SO allows cells to survive by mitigating slow
cooling injury [18]. As shown in Fig. 3, HUVECs appear to be able to
tolerate increased solute concentrations during slow cooling to
40 C in the presence of 10%Me2SO. Themembrane integrity after
direct thaw remained almost constant (dotted line) relative to that
of non-cryopreserved cells which were kept on iceewater at 0 C
for the duration of the graded freezing experiment (88.2 ± 0.8%,
mean ± SEM, n ¼ 3). However, most of the cells that were plunged
from 0 C directly into liquid nitrogen did not survive (membrane
integrity of 2.7 ± 0.6%, mean ± SEM, n¼ 3) likely due to the damage
from intracellular freezing. Only a small percentage of HUVECs
subjected to slow cooling to a high sub-zero temperature (10 C)
followed by plunge and thaw survived (18.5 ± 3.3%). This could be
due to the cells having lost only a small amount of water beforeexposure to liquid nitrogen and therefore beingmore susceptible to
damage due to intracellular ice formation as was observed for TF-
1 cells [28]. As temperature is allowed to decrease further with
time, the cells continue to shrink as water leaves the cell resulting
in less injury from intracellular ice formation upon plunging into
liquid nitrogen [28], and as a result membrane integrity steadily
increases. Maximum membrane integrity (60.9 ± 2.8%) was
attained after plunging from a temperature of 40 C and then
thawing (Fig. 3).
We next investigated whether the cells with membranes
remaining intact after plunge-thaw were functional based on the
tube formation assay. The top row of panels of Fig. 4 shows
representative phase-contrast images of tube formation in HUVECs
cryopreserved in 10% Me2SO, slowly cooled to various sub-zero
plunge temperatures, plunged into liquid nitrogen, rapidly
thawed and plated on Matrigel. Qualitatively, there is a notable
progression in the extent of tube formation as the plunge tem-
perature decreases from10 C to30 C, and then tube formation
levels off at 40 C.
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Fig. 3. Membrane integrities of HUVECs subjected to graded freezing at a 1 C/min
cooling rate in the presence of 10% Me2SO. HUVECs were cooled to various sub-zero
temperatures and at each temperature two samples were removed. One sample was
thawed directly in a 37 C water bath (direct-thaw; open symbols, broken line), and
the other sample was immediately plunged into liquid nitrogen, kept in liquid nitrogen
for at least an hour, and then thawed in a 37 C water bath (plunge-thaw; ﬁlled
symbols, solid line). Data are shown as mean ± SEM, n ¼ 3.
Fig. 4. Representative phase-contrast images of tube formation by HUVECS cooled at 1 C/min in the presence of 10% Me2SO to various sub-zero temperatures, plunged into liquid
nitrogen, rapidly thawed and plated on Matrigel (top row of panels). The second row of panels shows representative phase-contrast images of fresh, unfrozen HUVECS diluted to
attain similar membrane integrities as the frozen cells. The bar graph gives quantiﬁcation of mean total tube length obtained using NIH ImageJ software with Angiogenesis Analyzer
plugin. The * represents statistically different population means between frozen vs. fresh diluted samples (p-values  0.05). The error bars indicate the SEM of at least three in-
dependent experiments for each plunge temperature or dilution of fresh HUVECs.
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corresponds proportionately with the number of membrane-intact
cells, tube formation was evaluated in fresh, non-cryopreservedHUVECS that were diluted to attain a number of cells with a
similar number of membrane-intact cells as in the plunge-thaw
samples (see dilution factors in Table 1). Fig. 4 shows that in
comparison to fresh cells (black bars) with a similar number of
membrane-intact cells, the extent of tube formation is lower in
frozen cells (grey bars); there is a statistically signiﬁcant difference
in themean tube lengths in the samples with the lowest membrane
integrities (Table 1). This ﬁnding suggests that HUVECs plunged at
10 C and 20 C may contain cells that appear membrane-intact
by ﬂow cytometry but are evidently incapable of forming tubes in
Matrigel. As the sub-zero plunge temperature was decreased
further to 30 C, and then to 40 C, membrane integrity in-
creases and then levels off, and so does the extent of tube forma-
tion. At these temperatures, the difference in tube length between
membrane-intact cryopreserved cells and the same number of
fresh cells is not statistically signiﬁcant. We observed that when an
insufﬁcient number of functional cells were seeded on Matrigel,
cells attempt to connect with each other but are unable to form
complete loops. When cells are seeded at high concentrations they
tend to clump together and form monolayers instead of tubes.
Quantiﬁcation using the software shows that tube lengths are not
signiﬁcantly different between treatment groups containing high
concentrations of viable and functional cells. However, signiﬁcant
differences between cryopreserved and fresh cells were observed
in samples whose membrane integrity was lower than 60%. Whilethis is reassuring because HUVECs traditionally cryopreserved in
10% Me2SO typically show viabilities higher than 60% [23], our re-
sults suggest that assessment of function of cryopreserved HUVECs
Table 1
Comparison of tube formation in fresh, non-cryopreserved HUVECS that were diluted to attain a number of cells with a similar number of membrane-intact cells as in the
plunge-thaw (frozen) samples.
Frozen Fresh
Temp (C) %Membrane integrity (%MI) Tube length Dilution factor  Fresh %MI Tube length p-value
10 18.5 ± 3.3 1620 ± 217 0.2(91.5 ± 1.8) ¼ 18.3 ± 0.4% 2964 ± 365 0.013
20 46.4 ± 3.1 3920 ± 232 0.5(91.5 ± 1.8) ¼ 45.8 ± 0.9% 6508 ± 707 0.010
30 60.5 ± 1.8 7240 ± 158 0.65(91.5 ± 1.8) ¼ 59.5 ± 1.2% 7617 ± 158 0.180
40 60.9 ± 2.8 7171 ± 110 0.65(91.5 ± 1.8) ¼ 59.5 ± 1.2% 7617 ± 158 0.105
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than 60%. It would be reasonable to assume based on this work that
as long as a post-thaw membrane integrity of 60% or higher is
attained, there will be a sufﬁcient number of HUVECs that are
functional for their vascular application. However, if membrane
integrity is lower than 60%, increasing the number of cells usedmay
be necessary to compensate for the loss of functional cells.
Note that in assessing membrane integrity by ﬂow cytometry,
we employed a stringent calculation by counting only the
membrane-intact cells (those that exhibited the green SYTO 13
ﬂuorescence) as live. Cells with damaged membranes (those that
exhibited the red PI ﬂuorescence) as well as those with partially
damaged membranes (that exhibited dual staining) were all
counted as dead. Nevertheless, it appears that there are cells in the
cryopreserved samples that were deemed membrane-intact by
ﬂow cytometric analysis and yet are not sufﬁciently functional to
form the same quantity and length of tubes compared to the same
number of membrane-intact cells in fresh non-cryopreserved
samples. In other words, membrane integrity measurements
overestimated the in vitro ability of HUVECs to form tubes in these
cases.
Our ﬁnding corroborates previous reports on other types of
cells. For example, the viability of human islets measured using
ﬂuorescein diacetate (FDA)/PI staining was consistently high even
for samples whose transplantation outcome in diabetic athymic
nude mice was poor [19]. Moreover, it was demonstrated that
methods employing nucleic acid dyes to evaluate the viability of
puriﬁed islets were fraught with discrepancies due to in-
consistencies in stability of stains in storage, the number of islets
stained, concentration of stains, staining incubation time, media
used, and the method of examining islets in the ﬁnal scoring of
viability [4]. In another study, membrane integrity assays using
FDA/PI staining by confocal microscopy and 7-amino-actinomycin
D staining by ﬂow cytometry overestimated the functional capacity
of umbilical cord CD34þ cells to form hematopoietic colonies [10].
It is also possible that cell damage extends beyond that of the
plasma membrane even though the membrane is often considered
the major site of cryoinjury [29]. Previously we have shown that in
HUVECs mitochondria can become depolarized (and be rendered
less functional) under interrupted slow cooling while the plasma
membrane remains undamaged [26].4. Conclusion
The emergence of cell-based tissue-engineered therapeutic
products has necessitated the development of assays that quanti-
tatively evaluate cell potency especially when the cells employed
have undergone cryopreservation. It has long been recognized that
although physical integrity, such as membrane integrity, is a cell
property that can easily be measured, it is the least stringent in a
hierarchy of viability assays [21]. Ideally, an assay should quantify a
function that the cell or tissue is known to perform in vivo. Previ-
ously the effect of cryopreservation on the anti-inﬂammatory andanti-coagulant functions of HUVECs was assessed by ELISA [12].
However, because endothelial cells mediate the generation of new
blood vessels during angiogenesis, the Matrigel tube formation
assay qualiﬁes as a more appropriate functional assay, especially
with the application of a quantitative image analysis software. In
this work, we investigated how the membrane integrity of HUVECs
subjected to an interrupted slow cooling protocol in the presence of
10% Me2SO compared with their ability to undergo in vitro angio-
genesis using the Matrigel tube formation assay. The relevance of
this assay has been demonstrated in a potency assessment for a
tissue-engineered kidney implant (Neo-Kidney Augment) where
the ability of HUVECs to assemble into tubular networks was
determined following implantation [8]. Here, we found that the
extent of tube formation increases as membrane integrity in-
creases; however, in comparison to fresh cells with a similar
number of membrane-intact cells, the extent of tube formation is
lower in previously frozen cells with statistical signiﬁcance at
membrane integrities lower than 60%. Our ﬁndings underscore the
importance of assessment of cellular function post-
cryopreservation to ensure that cells are fully functional and not
just membrane-intact, and this is especially pertinent for cells used
in therapeutic applications.
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